A y-D-glutamate-meso-diaminopimelate muropeptidase was detected in the vegetative growth phase of Bacillus subtilis 168. It is encoded by the monocistronic /ytF operon expressed b y the alternative vegetative sigma factor, crD. Sequence analysis of LytF revealed two domains, an organization common to exoproteins of B. subtilis as well as to those from other organisms. The N-terminal domain contains a f ivefold-repeated motif attributed to cell wall binding, whilst the C-terminal domain is probably endowed with the catalytic activity. Overexpression of LytF allowed its purification and biochemical characterization. Inactivation of /ytF led to the loss of the cellwall-bound protein 49' (CWBP49') and of the corresponding lytic activity as revealed by renaturation gel assay. Native cell walls prepared from the multiple /ytC /ytD /yt€ lytF-deficient mutant did not exhibit any autolysis, whereas walls prepared from a strain endowed with LytF but not with the other three enzymes underwent a slight lysis. Analysis of degradation products of cell wall devoid of teichoic-acid-bound O-esterified D-alanine unambiguously confirmed that LytF cuts the y-D-glutamate-mesodiaminopimelate bond.
INTRODUCTION
Bacterial cell walls (CW) have remarkable properties : they are solid enough to resist high turgor pressure, whilst being capable of relatively rapid surface extension (Rogers et al., 1980) . The latter property, inherent to cell growth, is apparently achieved by continuous rearrangement of the thick peptidoglycan (PG) layer, by upwelling and lateral spreading (Pooley, 1976) . These processes most likely require the activity of specific PGdegrading enzymes. Inspection by SDS-PAGE of proteins contained in cell wall preparations of exponentially growing Bacillus subtilis cells revealed the presence of 12 major proteins attached by electrostatic forces, designated CWBPs (cell-wall-bound proteins) (Studer, 1988) . Three of the latter proteins show a PG-hydrolytic activity (Margot & Karamata, 1992; Abbreviations: CWBP, cell-wall-bound protein; m-DAP, meso-diaminopimelate; PG, peptidoglycan.
1994, 1998). The major exponential-phase endolytic activities, an N-acetylglucosaminidase, LytD (Margot et al., 1994) , named CwlG by Rashid et al. (1995) , an Nacetylmurarnyl-L-alanine arnidase, LytC (Margot & Karamata, 1990 , 1992 , named CwlB by Kuroda & Sekiguchi (1991) , and a putative endopeptidase, LytE (Margot et al., 1998) , recently described as CwlF (Ishikawa et al., 1998) , were shown to correspond to CWBP49, CWBP9O and CWBP33, respectively. Inactivation of genes lytC, lytD or lytE did not affect cell growth (Margot & Karamata, 1992; Margot et al., 1994 Margot et al., , 1998 ). Moreover, not one of the many other identified and genetically characterized PG hydrolases of B. subtilis 168, expressed during different phases of B. subtilis cell growth (Kuroda & Sekiguchi, 1990; Foster, 1991; Sekiguchi et al., 1995; Longchamp et al., 1994; Regamey & Karamata, 1998) seemed to be required for cell growth and wall extension. However, there is evidence (Smith & Foster, 1995) that different hydrolases may substitute for each other and thus allow cell surface expansion of specific endolysin-deficient strains.
In a search for novel PG hydrolases, we further examined the major B. subtilis 168 CWBPs expressed during exponential growth. We describe the characterization of the lytF gene which encodes a y-D-glutamate-mesodiaminopimelate endopeptidase. To our knowledge, this the first time that such an activity has been identified in a Bacillus species during vegetative growth.
METHODS
Bacterial strains, plasmids and growth. Escherichia coli strains DH5a or XL-2 (Stratagene), hosts for pUC18, pKS Bluescript or pET16b cloning vectors, were grown in LB medium supplemented with 50 pg ampicillin ml-'. B. subtilis strains (Table 1) were grown in LB or MTOa medium. The latter consisted of 50 mM potassium phosphate pH 7*0,0.5 ' / o glucose, 0.5 % Casamino acids and trace elements (Pollock, 1965) , modified according to Schlaeppi et al. (1982) . When required, media were supplemented with either 3 pg chloramphenicol m1-l' 7 pg neomycin ml-l or 60 pg spectinomycin ml-'. The sporulation medium was the complex medium of Schaeffer et al. (1965) . Cultures, aerated by bubbling or shaking, were grown at 37°C. The cell concentration was followed either spectrophotometrically or by using an EEL nephelometer (Diffusion Systems). For B. subtilis grown in MTOa medium, a nephelometric density of 100 corresponds to 10' cells ml-'. N-terminal amino acid sequence determination. CWBP49' was extracted from native cell wall preparations of strain L16620 fytABC lytD with SDS-PAGE loading buffer, separated by SDS-PAGE (Laemmli, 1970) and transferred onto a PVDF membrane (Bio-Rad) at 450 V for 60 min with cooling. After staining with Coomassie brilliant blue, the polypeptide band was cut out and its N-terminal amino acid sequence determined.
DNA manipulations. Restriction endonucleases or T 4 DNA ligase (Biofinex) were used according to the supplier's instructions. DNA fragments for subcloning or for preparation of probes were recovered from agarose gels with the QIAquick Gel Extraction kit (Qiagen). Plasmid DNA was isolated from E. coli with the QIAprep Midi kit. Chromosomal preparations of B. subtilis DNA were obtained with the Qiagen Genomic kit. PCR reactions were done with Vent Polymerase (NEB) according to the supplier's instructions. Oligonucleotides were obtained from Microsynth.
DNA sequence analysis. Sequences were analysed by using the University of Wisconsin Computer Group software (Devereux et al., 1984) , the BLAST program (Altschul et al., 1990) and SubtiList (Moszer et al., 1995) .
Transformation. Plasmids were introduced into E. coli DH5a by the procedure of Chung et af. (1989) and into commercial XL-2 competent cells following the instructions of the supplier (Stratagene). Transformation of B. subtilis was done according to Karamata & Gross (1970) . Preparation of native cell walls. Bacteria grown in MTOa medium at 37 "C to a concentration of lo8 cells ml-l were collected by centrifugation, washed with cold double-distilled water and disrupted by using a French press at 20000 p.s.i. (SLM Instruments). Further purification by differential centrifugation was according to Studer & Karamata (1988) . T o separate CWBPs by SDS-PAGE, 1 mg lyophilized cell wall was directly resuspended in sample buffer (Laemmli, 1970) , boiled for 5 min and the supernatant, after sedimentation of the cell walls, was loaded onto the SDS-PAGE gel. After Coomassie blue staining, pictures of gels were digitally recorded with a charge-coupled device camera (Vilbert Lourmat) and computer-processed. Preparation of deproteinized cell walls. Bacteria were grown, collected, washed and disrupted as described above. Before the centrifugation steps, the preparation was incubated twice for 5 min at 100 "C in 2 % SDS. Further purification was according to Studer & Karamata (1988) . Renaturation gel assay. After separation of CWBPs by SDS-PAGE with 0.5 mg strain L16601 SDS-deproteinized cell walls ml-l in the resolving gel, the latter was briefly washed in H,O and incubated for 30 min in a 1 ' / o solution of Triton X-100 in 25 mM Tris/HCl pH 8.0 containing 10 mM MgC1,. The gel was further incubated overnight at 37 "C in a 0.1 % solution of Triton X-100 in 25 mM Tris/HCl pH 8.0 containing 10 mM MgC1,. Gels were stained for 30 min with 0.1% methylene blue in 0.01 M KOH and destained as much as necessary (Foster, 1992) . Pictures of gels were digitally recorded with a charge-coupled device camera (Vilbert Lourmat) and computer-processed. Cell wall autolysis. Native cell walls were resuspended in 10 mM Tris/HCl pH 8-0 containing 0.1 '
/ O
P-mercaptoethanol at a concentration of 1 mg ml-l and incubated at 37 "C. Their autolysis was followed by the decrease in OD,,,. Results were normalized to OD,,, at time 0 (OD,,), i.e. YO lysis at time t = (OD, -OD at time t)/OD,. Overexpression of LytF. Oligonucleotides PM169 (5' CGCA-CATATGGCAACGATTAAGGTCAAAAGCGGA 3') and CGAG 3') were used to produce a PCR product of the region encoding the mature LytF. T o allow overexpression of a His tag at the N-terminal end of LytF, the PCR product was cloned into NdeI and BamHI sites of the pET16b vector (Novagen). The resulting plasmid, pPM175, introduced into strain E. coli BL21 (DE3) by transformation, yielded strain BL21 (DE3) PM170 (5' CGAGGATCCTTAGAAATATCGTTTTGCAC- (pPM175), which was grown in 200 ml LB containing 200 pg ampicillin ml-'. At an OD,,, of 0.7, IPTG was added to the culture to a final concentration of 1 mM and incubation continued for 3 h. Cells were pelleted and stored at -20 "C.
The cell pellet was resuspended in 4 ml binding buffer (5 mM imidazole, 0-5 M NaCl, 20 mM TrisfHCl pH 7.9; Novagen), sonicated five times for 5 s with 10 s intervals at 0 "C and centrifuged for 15 min at 15000 r.p.m. (Sorvall SS-34). Since LytF was almost completely recovered in inclusion bodies, the pellet was resuspended in 4 ml binding buffer containing 6 M urea and the solution, following 1 h incubation at 0 "C, centrifuged for 15 min at 15000 r.p.m. (Sorvall SS-34). The supernatant was loaded onto a His-Bind resin and the purification was performed according to the manufacturer's instructions ( Triton X-100 and 0.1 YO p-mercaptoethanol. The renatured enzyme was concentrated with Centricon-30 (Amicon) to a final volume of about 2 ml at 1 mg ml-', as determined with the BCA assay (Pierce). Determination of the hydrolytic bond specificity of LytF. The cell wall lysate (7 mg deproteinized cell wall in 10 mM Tris/HCl pH 8.0, 0.1 '/O p-mercaptoethanol lysed with 70 pg LytF for 16 h at 37 "C) was lyophilized, resuspended in 900 p1
MilliQ water and injected in a Superose-12 column (Pharmacia). The separation was carried out in 50 mM ammonium acetate at 0-6 ml min-l, and 1-5 ml fractions were collected and lyophilized. Samples from each Superose-12 fraction were hydrolysed in 5 M HC1 at 105 "C for 16 h under N,. HC1 was removed from samples in vacuo over NaOH. Residues were resuspended in MilliQ water and analysed with a Dionex Serie DX500 HPLC system. Fifty microlitres of samples or standards (10-300 pM) were injected onto a Dionex CarboPAc PA1, an anion exchange column, equilibrated in 8 mM NaOH. Separation of the PG components was achieved isocratically at a flow rate of 1 ml min-l using 8 mM NaOH followed, at 26 min, by the application of a linear gradient from 0 to 150 mM of sodium acetate in 100 mM NaOH for 40 min (modified from Clarke, 1993) . Sugars were detected with a pulse-electrochemical detector (Dionex). To detect the amino group of the amino acids as well as hexosamines, the flow-through was continuously post-derivatized with 1 vol. 0.5 phthaldialdehyde in 1-3 M boric acid/KOH buffer pH 10.0 containing 20% methanol and 0.67 % p-mercaptoethanol. Fluorescence was detected by excitation of the solution at 365 nm and reading at 450nm in a home-made flow cell adapted to a TKO100 fluorimeter (Hoefer Scientific Instruments), which was coupled to the HPLC system. Phosphate content determination. Ten microgrammes of cell wall was analysed following the procedure of Ames & Dubin (1960) .
RESULTS ldentif ication of the DNA sequence encoding CWBP49'
CWBPs present in a native cell wall preparation were separated by SDS-PAGE, transferred onto a membrane and their N-terminal amino acid sequence was determined. XTIKVKSGDSL, the sequence corresponding to CWBP49' (Margot & Karamata, 1992) (Altschul et al., 1990) , GCG (Devereux et al., 1984) and SubtiList (Moszer et al., 1995) programs suggested different functions for the N-and the Cterminal moieties of the protein.
The N-terminal domain contains five repeats of a 44 amino acid motif (Fig. 2a) , each followed by a region particularly rich in Ser and T h r residues : 16 amino acids out of 20, 26/34, 15/24, 18/23 and 14/16, respectively, were Ser or Thr. Sequence homology analysis revealed that this motif, followed by a Ser/Thr-rich region, is present in several B. subtilis proteins (Fig. 2a) . LytE has an N-terminal domain with three such motifs (Margot et al., 1998) The C-terminal domain presumably carries the catalytic activity. In addition to their homologies within their Nterminal domains, both LytE and YojL proteins show a C-terminal domain highly similar to LytF (Fig. 2b) . Four other B. subtilis putative proteins exhibit homologies to the C-terminal but not to the N-terminal domain of LytF (Fig. 2b) . 
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Behaviour of strains devoid of CWBP49'
To inactivate CWBP49', we exchanged the nearly complete lytF gene for a spectinomycin resistance gene. For that purpose, we constructed plasmid pPM173, a derivative of vector pUC18 whose insert consists of the upstream region of lytF-base numbers 1012670-1012913 in SubtiList (Moszer et al., 1995) , a spectinomycin cassette (Guerout-Fleury et al., 1995) and the downstream region of lytF-base numbers 1011074-101 1514 in SubtiList. Transformation of strains L16601 lyt', L16638 lytE and L16640 l y t A B C l y t D lytE with linearized pPM173 and selection for spectinomycin resistance yielded strains L16646 lytF, L16647 lytE ZytF and L16648 l y t A B C l y t D lytE lytF, respectively (Table  1) . SDS-PAGE of CWBPs from strains L16648 l y t A B C l y t D lytE lytF revealed that CWBP49' was missing (Fig.  3a) . T o visualize the absence of the latter protein, we had to resort to a mutant deficient in l y t C , the gene encoding CWBP49, the major amidase, which overlaps with and masks CWBP49' (Margot & Karamata, 1992) .
Renaturation gel analysis of L16640 l y t A B C l y t D lytE
proteins revealed a clearing zone at the CWBP49' lytA5C lyt5 lyt€ !ytf ( 0 ) were autolysed at 37 "C in 1 ml 10 mM T r i s/H C I con t a i n i n g 0.1 % p-m e rca p t oe t h a n o I. (Fig. 3b) confirmed that LytF is a lytic enzyme. Moreover, inspection of the renaturing gel of the lytCdeficient strain L16617 sigD ZytC did not reveal a clearing zone corresponding to LytF (Fig. 3b) , providing further evidence that, during the vegetative growth phase, lytF is transcribed by uD. Absence of a lytic band corresponding to CWBP49' in a sigD strain has been reported by Blackman et al. (1998) . Cell walls isolated from L16640 l y t A B C l y t D lytE exhibited a slow but significant autolysis (Fig. 4) . This activity was due to LytF since autolysis was hardly detectable in a cell wall preparation from L16648 devoid of all four lytic enzymes. Sporulation, germination, vegetative growth and cell separation of the LytF-deficient mutant did not differ from those of the wild-type strain. However, cell separation in strain L16648 ZytABC ZytD lytE lytF is even more severely affected than in strain L16640 ZytABC l y t D lytE, which in turn is characterized by cell chains longer than those present in cultures of L16620 ZytABC l y t D (Fig. 5 ) .
position. Absence of this band in L16648 l y t A B C l y t D lytE lytF
Enzymic activity of LytF
Histag-LytF, overexpressed and purified on a His-Bind resin, showed a lytic activity on SDS-treated cell walls.
In the range of concentrations tested, neither MgCl, (0-20 mM), ZnCl, (0-2 mM), EDTA (0-20 mM), PMSF (0-2 mM) nor NaCl (0-250 mM) affected LytF activity. The specific bond cleaved by LytF was determined by separating cell wall lytic products by gel filtration. Preliminary experiments (not presented) with deproteinized cell walls revealed that high-molecular-mass components (first fractions) contained phosphate, hexosamines, glutamate and reduced amounts of mesodiaminopimelate (m-DAP), i.e. 0.58 m-DAP per Glu as compared to a 1 : l ratio in the loaded material. As expected, low-molecular-mass material (last fractions) contained rn-DAP and alanine. However, the latter was in excess. It probably originated from the D-ala 0-esterified polyglycerol phosphate (Boylen & Ensign, 1968) through breakage of the weak ester bond (Childs & Neuhaus, 1980) during prolonged incubation with LytF. This precluded a conclusive answer to the question of the nature of the enzymic activity of LytF. T o assess this hypothesis, we repeated the experiment using as substrate deproteinized cell wall from which teichoicacid-associated D-alanine was removed by 1 h incubation in 1 0 m M N a O H at 37OC (Work, 1971) . The result (Fig. 6) clearly shows that rn-DAP and alanine missing from the first fractions are present in equimolar amounts in the late fractions, demonstrating that LytF cleaves the muropeptide between D -g h and m-DAP.
DISCUSSION
The availability of the complete sequence of the B. subtilis genome (Kunst et al., 1997) allowed the identification of lytF, the gene encoding CWBP49' (Margot & Karamata, 1992) . Analysis of LytF-generated cell wall degradation products revealed that the enzyme is endowed with a muropeptidase activity that specifically cleaves the muropeptide bridge between D-glutamate and m-DAP. To our knowledge, this is the first description of an endopeptidase associated with vegetative growth of B. subtilis.
The two-domain organization of LytF was common to LytE (Margot et al., 1998) and YojL, two B. subtilis proteins closely related to LytF. The N-terminal domain motif was found in several deduced B. subtilis proteins, as well as in a series of CWBPs from other organisms (Margot et al., 1998) . For instance, six and five copies of this motif are present in the C-terminal domains of the Enterococcus hirae muramidase-2 and the Enterococcus faecium putative muramidase (Beliveau et al., 1991 ; Chu et al., 1992) , respectively. In these proteins, the Ser/Thrrich region preceded the repetitive motif. In addition, two or three copies, separated by a distance larger than that found in other organisms, are present in Listeria P60 invasion proteins (Bubert et aZ., 1992) were found. It has been proposed that this motif is involved in the binding to PG of all of the listed proteins (Joris et al., 1992) . The C-terminal moiety of LytF shows homology with different classes of proteins found outside the cytoplasmic membrane and probably located within the cell wall (Margot et al., 1998) , the best characterized of the latter proteins being the D-G~U-VZ-DAP endopeptidase of Bacillus sphaericus (Hourdou et al., 1992) . These observations further substantiate the claim that the C-terminal moiety does indeed carry the catalytic domain. Inhibition of LytF, as well as of the B. sphaericus endopeptidase, by para-hydroxymercuribenzoate, a sulfhydryl inhibitor, strongly suggests that these endopeptidases are cysteine enzymes. Cys-420, the only Cys in the LytF sequence, is located within the Cterminal domain, carrying the potential catalytic site. It is present in all deduced proteins from B. subtilis, as well as from other organisms showing homology with LytF within a very well-conserved motif. Six other B. subtilis ORFs show homology with the C-terminal domain of LytF, leaving open the possibility that the unexplored endopeptidase family of B. subtilis may be rather large and comprise members more specific to cell wall processing than any of the previously characterized lytic enzymes.
LytF is the fourth major autolysin identified in cell walls prepared from exponentially growing B. subtilis cells. It further extends the list of previously described lytic enzymes i.e. (i) LytC, a N-acetylmuramyl-L-alanine amidase corresponding to CWBP49 (Margot & Karamata, 1992) , (ii) LytD, an N-acetylglucosaminidase corresponding to CWBPSO (Margot et al., 1994) and (iii) LytE, an enzyme showing strong sequence homology with LytF and putatively considered as a D-&a-mate-m-DAP peptidase (Margot et al., 1998) . Inspection of zymographs of mutants deficient in all four listed major autolysins revealed the presence of a few minor lytic bands, whose presence was previously reported by Foster (1992) .
The mutant devoid of all four of the above-mentioned autolysins grows at the same rate as the parent strain. Its most striking phenotypes are the presence of very long chains of cells and the absence of motility. If cell separation is a complex and poorly understood process, in which the relevant autolysins fully or partly substitute for each other, the expression of some of the major autolysin-encoding genes is apparently intrinsically related to the mechanism of flagellar motility. Indeed, lytC was shown to be controlled by both oA and oD, the alternative sigma factor responsible for the expression of flagellar motility (Lazarevic et al., 1992) , whilst lytD (Margot et al., 1994) as well as lytF (Blackman et al., 1998; this work) are essentially under the control of oD. Therefore, expression control by oD is apparently the molecular basis for the previously established correlation between Fla-and Lyt-phenotypes (Pooley & Karamata, 1984) , whilst the evidence that PG degradation is required for flagellum insertion into the wall is more and more compelling. Finally, the significant difference between chain length of lytC-, D-, E-and Fand OD-deficient strains is most likely due to a limited expression of lytC, from the oA promoter in the latter mutant.
Incidentally, strains deficient in any one of the four autolysins considered above exhibit a cell separation phenotype indistinguishable from that of the parent B.
subtilis 168 (Margot & Karamata, 1992; Margot et al., 1994 Margot et al., , 1998 . Expression of a septation-deficient phenotype yielding long chains of cells requires the inactivation of several autolysins, suggesting that different autolysins may substitute for each other or are capable of cooperative action. The same conclusion has been reached in studies of cell wall degradation related to sporulation (Smith & Foster, 1995) .
